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We report on the extended infrared single photon response of niobium nitride supercon-
ducting nanowires deposited by atomic layer deposition. The superconducting nanowire
single-photon detectors are based on 4.65 nm thick NbN, patterned into 100 nm meanders
and characterized at 2.5 K. We verify single-photon sensitivity from 1310 nm to 2006 nm
with saturated response at shorter wavelengths.
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Superconducting nanowire single-photon detectors (SNSPDs)1 have matured in the last decade
to become the lead choice for single-photon experiments due to their ultra-low dark count rates2,
near-unity quantum efficiency3, long wavelength sensitivity4 and fast temporal resolution5. These
characteristics have allowed their deployment into a diverse range of experimental demonstra-
tions including single-photon remote sensing6 and life science applications7. In particular, their
long wavelength sensitivity has recently been exploited to enable photon pair sources8 and single
photon LIDAR9 in the mid infrared region, beyond the reach of conventional photon counting
technologies. Material development plays a key role in SNSPD fabrication as the superconducting
energy gap and critical temperature (Tc) varies between materials10 and influences the detection
characteristics and cooling requirements. Recent work has also indicated that reducing material
inhomogeneities will allow operation at a larger fraction of the depairing current11 as well as being
desirable for fabrication of large-area SNSPDs12.
Atomic layer deposition (ALD) is a subclass of chemical vapour deposition (CVD) based on
the sequential, self-limiting exposure of individual gas-phase precursor species, forming a single
atomic layer of material. A single deposition step, known as an “ALD cycle”, can then be repeated
ad infinitum to form a film of desired thickness, with Ångstrom-level sensitivity13. In the spe-
cific case of plasma-enhanced ALD (PEALD), an additional plasma exposure step is added after
precursor exposure to remove unreacted material byproducts14. The self-limiting nature of the
ALD process removes the statistical aspect of conventional deposition techniques (such as sput-
tering), where localised areas of the surface often react first due to the randomness of precursor
flux, creating rough and pinhole-laden films. Consequently, ALD films are highly uniform and
conformal, as well as pinhole-free13,15,16. ALD translates well to large area deposition, with the
only limit being the size of the deposition chamber, as well as concurrent processing of multiple
substrates. Recent developments in the use of ALD for deposition of high quality superconducting
metal nitrides has consequently made it an attractive technique for the fabrication of supercon-
ducting technologies, with particular progress in the use of PEALD for the deposition of NbN and
TiN thin films respectively17–19. These materials advances, coupled with the unparalleled unifor-
mity and conformality of ALD, therefore makes this growth technique an ideal candidate for the
fabrication of SNSPDs.
To date, the large majority of NbN SNSPDs have been fabricated using thin films grown via
reactive sputtering20. A large study21 of the film properties of ALD NbN was performed and
saturated photon counting was demonstrated in the near-IR. Other researchers have reported on
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large scale depositions22 of ALD NbN SNSPDs and verified the uniformity of devices based on
this technique. In this work we fabricate SNSPDs on ALD NbN and verify their candidacy for
single photon detection in the 1310 nm to 2006 nm infrared spectral range.
ALD films were grown at the University of Chicago with organic based precursors. Films
were deposited on high resistivity Si <100> substrates with resistivity of > 10 kW·cm, which were
cleaned with organic solvents before deposition. We then let the chamber and substrate tempera-
ture stabilise in vacuum for an hour before starting the process. We used TBTDEN precursor and
N2/H2 plasma in each deposition cycle, while the substrate was heated to 300 °C. In our initial
optimisation of the ALD NbN deposition process, we targeted a NbN thickness similar to that
used by many leading groups employing reactive sputtered NbN for SNSPDs23 and aimed for a
film thickness of 4.65 nm with 75 ALD cycles at approximate rate of 0.6 Å per cycle19.
We then fabricated SNSPDs at the James Watt Nanofabrication Centre (Glasgow) with 100
kV electron-beam lithography and plasma etch. Firstly, Ti/Au alignment markers and contact
pads were formed with a lift-off procedure. We then used ZEP520 as an etch mask and SF6/N2
plasma to etch the meander structure. The SNSPD meander covers an active area of 10 µm x
9.6 µm and has a line width of 100 nm with a fill factor of 0.5. A scanning electron microscope
image of a nanowire is shown in Fig. 1a. Transmission electron microscopy (TEM) was carried
out in the Kelvin Nanocharacterisation Centre (University of Glasgow) using a FEI Technai T20
microscope. Samples were prepared using a conventional focused ion beam lift-out technique24.
The TEM samples were prepared from a 200 nm width nanowire meander device from the same
fabrication run and film as the 100 nm width device optically tested below. Images are shown in
Fig. 1b. From the TEM images we estimate the NbN film thickness to be 4.529 nm with a 1.57
nm native oxide layer on top.
For this fabrication run, 4 detectors of identical geometries (100 nm width) were fabricated.
The switching current, Isw, was determined for each tested device by slowly increasing the bias
current to a shielded detector until the output pulse count dropped to zero. For the device presented
here the Isw was 5.16 µA at 2.5 K. We then fiber coupled this device for optical testing.
The SNSPD was coupled with Corning SMF-28 optical fiber and cooled to an operating tem-
perature of 2.5 K in a Gifford-McMahon closed-cycle cryocooler. Electrical pulses were read out
using a cryogenic amplifier (Cosmic Microwave Technology CITLF1) mounted on the 40 K stage
which also housed a bias-tee to current bias the detector. Near IR illumination was provided by a





FIG. 1. a. SEM image of fabricated nanowire of 100 nm width, identical to the device used for optical
testing. b. TEM cross section of 200 nm wide nanowire from same fabrication run and film as the optically
tested device. Si substrate is shown in light grey. The material observed in the right of the image on top of
the nanowire is Pt deposited during the TEM sample preparation process.
of programmable optical attenuators to attenuate the input to single photon levels. The method-
ology follows the calibrated single photon detection procedure detailed previously25. The photon
flux rate was set by measuring the optical power at the input of the cryostat and then applying
appropriate attenuation with the programmable attenuators. This attenuated output was then con-
nected to the fiber coupled to the detector. For the 2006 nm measurements the source was an
optical parametric oscillator (OPO, Chromacity Ltd) tuneable from 1.5 to 4.2 µm. This provided
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short, ps, pulses at 110 MHz. The output was filtered with a 2006 nm narrow bandpass filter
and then attenuated by chaining four MEMS-based variable optical attenuators (VOAs). Each of
the four VOAs was calibrated individually using an extended InGaAs power meter. The power
was measured at both the input and output of each attenuator and then by adjusting the voltage to
VOA the attenuation was set. By measuring the input power to the VOA setup and individually
calibrating each VOA before chaining them all together, the photon flux was set to the desired
rate. For all wavelengths measured the photon flux was set to 1 MHz. A diagram of the setup
is shown in Fig. 2a. An example output pulse is shown in Fig. 2b. The reflections present in the
pulse shape are an artifact of the cryogenic amplifier used and were not present if a different set of
room-temperature amplifiers was used. From the pulse we can determine the rise time to be 1.4 ns
and by fitting the decaying pulse with an exponential function we calculate the 1/e decay time to
be 32 ns. From this we can estimate the maximum count rate of the device to be around 30 MHz.
The superconducting transition temperature, Tc, of the device was measured using a resistor heater
located on the 2.5 K stage of the cryostat to slowly heat up and cool down the detector, recording
the resistance in a 2-point measurement. The R-T plot is shown in Fig. 2c. We take the Tc as the
point where the resistance has dropped to half of its normal-state value and determine this to be
7.44 K. The transition width is determined between the points where the resistance is 90 % and 10
% of it’s normal-state value and we observe a transition width of 0.52 K.
The photon count rate (PCR) curves were taken by varying the bias current up to the Isw whilst
the pulses from the SNSPD were counted using a universal counter (Agilent 53131A). The detec-
tion threshold on the counter was set to 70 % of the pulse height to avoid false counts caused by
the reflections in the output pulse. The results are shown for wavelengths of 1310 nm, 1550 nm
and 2006 nm in Fig. 3. The saturation of internal detection efficiency manifests itself as a plateau
in the PCR curve - indicating that efficiency no longer increases with increasing bias current. For
wavelengths of 1310 nm and 1550 nm evidence of a saturated plateau is observed whereas for
2006 nm the efficiency continues to climb with increasing bias current. The inset of Fig. 3 shows
the same data, normalised to one for each wavelength and plotted on a linear scale for clarity. For
the PCR curves the dark counts have been subtracted from the photon counts to account for the
background photon flux. The dark count rate for the device is also shown in Fig. 3. It is noted in
the PCR curves that the PCR continues to climb past the saturated region when bias is increased,
particularly for the 2006 nm measurement. It is hypothesised that this is caused by a non-uniform




FIG. 2. a. Experimental setup. The light source is either an OPO for the mid-IR (2006 nm) or a CW laser
diode for the near-IR (1310 nm, 1550 nm). Light is attenuated in the variable optical attenuators (VOA) and
calibrated at the fiber input. Output pulses from the SNSPD are amplified and sent out to the readout. b.
Example of an output pulse from the SNSPD. The reflections are an artifact of the cryogenic amplifier used
and the decay time calculated from the exponential fitting (red) is 32 ns. c. Resistance-Temperature plot for
SNSPD presented. The Tc is 7.4 K at the mid-point of the transition.
current crowding effects in the bends of the meander26. This causes a saturation of the detection
efficiency for the majority of the nanowire while there remains spots of higher Isw that continue to
increase in detection efficiency as the bias is further increased. However, the presence of the in-
flection point in the PCR curves27, evident at all wavelengths, is indication we are operating above
the cut-off current, Ico. Above Ico the device is operating in the single-photon detection regime28,
not in the probabilistic regime for each wavelength.
The timing jitter of an SNSPD is an important metric for time-of-flight photon counting
experiments29, fibre optic sensing30, quantum key distribution31 and deep space optical communications32
where it enhances the ability to determine weak signals in the presence of background noise. To
measure the timing jitter, Dt, we utilised a pulsed fiber laser at 1550 nm giving fs pulses at 50
MHz. We split the output with a 90:10 optical splitter and sent a portion to a photodetector to act
as a sync signal for a Becker and Hickl time correlated single photon counting card (SPC-150-
6

















FIG. 3. PCR curves for wavelengths of 1310 nm, 1550 nm and 2006 nm. The dark count rate (DCR)
is also shown. Inset: Same plots on a linear scale with the maximum photon counts normalised for each
wavelength.
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FIG. 4. Timing jitter histogram for ALD device at 1550 nm. The data has been fitted with an exponentially-
modified Gaussian function to determine the FWHM value.
NXX). The other portion of the split optical signal was attenuated to single photon levels and sent
to the detector as per the PCR curve experiments. By integrating, we obtained a timing histogram
of the variation of SNSPD pulse arrival times with respect to the sync signal. The full-width-half-
maximum (FWHM) value of this is defined as Dt. Fig. 4 shows a Dt of 50.4 ps for the 1550 nm
jitter test. For this test the detector was biased at 0.93Isw.
In this work we have demonstrated the single-photon sensitivity of ALD NbN nanowires to in-
frared light up to a wavelength of 2006 nm. We have measured the timing jitter and single photon
response and found it to be comparable to results for similar sputtered devices. The SDE’s pre-
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sented here are for bare superconducting nanowires - that is, a nanowire with no optical absorption
enhancement. Embedding the nanowire into an optical cavity to enhance absorption at specific
wavelengths33,34 would enhance the detection efficiency greatly as per previously published work.
It is also worth noting that for the 2006 nm measurement, we are operating outside of the specified
wavelength regime for SMF-28 fiber and therefore additional loss in the cryostat will be encoun-
tered. This will manifest itself as a reduction in the overall SDE at longer wavelengths. Future
work will include coupling with specialist mid-infrared fiber to combat this issue. The timing jitter
is for a meander type device where no steps have been taken to mitigate the geometric component
of the timing jitter associated with the meandering wire35. The evidence of saturated internal effi-
ciency is a good indicator of the quality of the ALD film and shows the promise of this technology
for SNSPDs. The next steps are to deposit NbN via ALD in an optical cavity type structure de-
signed for use in the mid-infrared. Full optical characterisation of ALD NbN thin films in order
to compare it more fully to sputtered NbN36 will also be performed. Optimising film deposition is
an ongoing area of enquiry with the goal to deposit thin films of consistently high uniformity from
which constriction-free nanowires can be fabricated.
In conclusion we have demonstrated extended infrared single photon sensitivity in SNSPD
fabricated with ALD NbN with large area (10 µm x 10 µm) meander SNSPDs that are suitable
for fiber optic coupling. We have demonstrated operation in the saturated internal detection effi-
ciency regime of this material for wavelengths up to 2006 nm. This demonstrates the viability of
this growth technique, particularly for future work where reducing inhomogeneities in thin films
in order to increase detector efficiency at long wavelengths will be the goal. This will also aid
in the pursuit of scaling up devices to larger areas37. The next stage is to produce ALD NbN
SNSPDs integrated in optical cavities for the mid-infrared to better investigate their detection
characteristics at such wavelengths and enhance the system detection efficiency. Further optimisa-
tion of the ALD growth process in order to tune material composition and structure is also planned.
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